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Abstract: Apoptotic cell death is induced in primary hepatocytes by the Ser/Thr protein 
phosphatase inhibiting cyanobacterial toxin nodularin after only minutes of exposure. 
Nodularin-induced apoptosis involves a rapid development of reactive oxygen species 
(ROS), which can be delayed by the Ca /calmodulin protein kinase II inhibitor KN93. 
This apoptosis model provides us with a unique population of highly synchronized dying 
cells, making it possible to identify low abundant phosphoproteins participating in 
apoptosis signaling. Here, we show that nodularin induces phosphorylation and possibly 
also cysteine oxidation of the antioxidant Cu,Zn superoxide dismutase (S0D1), without 
altering enzymatic S0D1 activity. The observed post-translational modifications of SOD 1 
could be regulated by Ca /calmodulin protein kinase II. In untreated hepatocytes, a high 
concentration of S0D1 was found in the sub-membranous area, co-localized with the 
cortical actin cytoskeleton. In the early phase of nodularin exposure, S0D1 was found in 
high concentration in evenly distributed apoptotic buds. Nodularin induced a rapid 
reorganization of the actin cytoskeleton and, at the time of polarized budding, S0D1 and 
actin filaments no longer co-localized. 
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1. Introduction 

The cyanobacterial-produced hepatotoxins, nodularin and microcystin, are potent inhibitors of the 
general Ser/Thr phosphatases (PP1 and PP2A). Exposure to these toxins induces apoptotic cell death in 
isolated hepatocytes after only minutes of exposure [1,2]. The apoptotic cell death is preceded by 
hyperphosphorylation of a number of different proteins [3,4]. 

Phosphorylated signaling proteins are often present in low amounts in the cells, making 
identification work difficult. In our rapid apoptosis model, where hepatocytes become apoptotic in 
minutes, we achieve a unique amount of synchronized cells, thus increasing the possibility to identify 
low amount phosphoproteins that are involved in pro- or anti-apoptotic cell signaling. 

Hitherto, most known phosphorylated target proteins in nodularin and microcystin-exposed 
apoptotic hepatocytes are cytoskeletal, or proteins known to associate with the cytoskeleton, e.g., 
plectin [5], keratin 8/18 [6], myosin light chain [1], HSP27 and tau [7,8]. Most likely, these 
phosphorylation events are coupled to the dramatic cytoskeletal reorganization occurring after 
phosphatase inhibitor exposure, starting with loss of cell-cell contacts [9], followed by disruption of 
intermediate filaments [10] and contraction and aggregation of actin microfilaments [11]. These 
cytoskeletal changes are reflected in the apoptotic morphology of the cell in which microvilli are lost, 
followed by the appearance of evenly distributed apoptotic buds, which eventually gather 
at one pole [4]. 

Our aim is to identify phosphoproteins that are essential for the early regulation of 
nodularin-induced apoptotic cell death. In the present study, we identified the cytosolic antioxidant 
Cu,Zn superoxide dismutase (SOD1) as one of these phosphorylated target proteins. SOD1 is a prime 
defender against oxidative stress [12], but also a regulatory protein with possible implications for a 
range of sub-cellular localized processes, including cytoskeletal rearrangement [13]. SOD1 is essential 
for the preservation of the cytoskeleton, thus dysregulation in SOD1 results in cytoskeletal 
rearrangements [14,15]. We found that the initial co-localization of SOD1 and actin in hepatocytes was 
disrupted during nodularin exposure and that a high content of SOD1 was found in the apoptotic buds. 
This may suggest that the nodularin-induced SOD1 phosphorylation has a role in cytoskeletal 
reorganization by regulating the redox state at specific sub-cellular locations. 

2. Results and Discussion 

2.1. SOD1 Is Phosphorylated in the Early Phase of Nodularin-induced Apoptosis 

Primary hepatocytes exposed to 5 uM nodularin developed apoptosis, involving membrane budding 
(Figure 1C) and actin reorganization (Figure IE), in only 2-4 min after toxin addition (Figure 1). 
Exposure to 200 nM gave similar morphological changes after 10-20 min of incubation 
(Figure 1A) [2]. 
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Figure 1. Nodularin- induced apoptosis in primary hepatocytes. Primary hepatocytes in 
suspension were exposed to 5 uM (•) or 200 nM (o) nodularin (A). The unexposed 
hepatocytes appeared round with a smooth cell surface (B), whilst nodularin-exposed 
(5 uM) hepatocytes showed profound apoptotic-related budding (C). Control cells also had 
and with a cortical actin cytoskeleton (D) which was reorganized after nodularin exposure 
(E). Cell death was determined based on the appearance of apoptotic-related morphology. 
Values are the mean +/— S.E.M. of 3-5 separate experiments. Actin filaments were 
detected using rhodamin-conjugated phalloidin. Nuclei are stained with DAPI. Bars, 
20 (j,m. 
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Figure 2. SOD1 is phosphorylated in nodularin-treated apoptotic hepatocytes. Primary 
hepatocytes in suspension culture were pre-labeled for 35 min with 32 Pi and exposed to 
nodularin (200 nM) for 10 min. Hepatocyte extract was fractionated and the cytosolic 
fraction (2.5 mg protein) was separated by two-dimensional gel electrophoresis 
(pi 5.3-6.5, 13 cm). Spots were identified using MALDI MS or MS/MS. See Experimental 
Section for further details. The figure shows Coomassie-stained gels (A and B) and their 
corresponding autoradiographs (C and D). Only non-phosphorylated SOD1 (spot Nl) was 
detectable with Coomassie staining. Spots were therefore cut from the Coomassie-stained 
gels using the autoradiographs as guidance. In nodularin-treated hepatocytes SOD1 was 
phosphorylated and appeared as two novel spots with an acidic shift (spot PI and P2). Nl, 
PI and P2 were identified as SOD1. 
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We have previously shown that both nodularin and microcystin induce phosphorylation of a number 
of proteins before any morphological signs of apoptosis can be observed [1]. These early 



Toxins 2012, 4 



1485 



phosphorylated proteins are of interest as they most possibly are key players in apoptosis development 
or protection. Hitherto, we have just been able to identify one of these, namely acyl-CoA binding 
protein [2], using proteomics-based techniques. The challenge is due to the low level amount of these 
phoshoproteins, as they cannot be visualized with high sensitivity protein staining (silver or Sypro 
Ruby). To be able to identify early phosphorylation events, we exposed hepatocytes to 200 nM 
nodularin for 20 min. To increase the amount of phosphoproteins loaded on the gel, the cell lysates 
were sub-fractionated. Phosphoproteins were visualized by autoradiography after pre-labeling 
hepatocytes with radioactive phosphate (Figure 2C,D), and the autoradiographs were used as guidance 
to cut out corresponding unstained spots from the gels (Figure 2A,B). 

Figure 3. Mass spectrometry analysis of spot Nl, PI and P2. (A) MALDI-MS spectrum of 
tryptic peptides obtained from PI spot shown in Figure 2. Nl, PI, and P2 were all 
identified as SOD1. Mass spectra were similar for all three spots (Nl, PI and P2), except 
that the long tryptic peptide (4843.2 mlz), corresponding to aa 24-69, was only observed in 
Nl (insert of A). Sequence covered by all three spots is underlined in (B). Dotted line 
refers to sequence covered only in Nl and represents the long tryptic peptide aa 24-69. 
This peptide has several possible Ser/Thr phosphorylation sites including a consensus 
sequence site for CaMKII and also a previously suggested phosphorylation site (asterisk) 
(Thr58) [16]. 
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By using the narrow ranged strips (pi 5.3-6.5) along with maximal protein loading, we were able to 
identify several phosphorylated proteins by mass spectrometry. Two of the phosphorylated spots (PI 
and P2) that increased in intensity after nodularin exposure were identified as SOD1 
(Figures 2D and 3A). Neither of these was evident by protein staining. On the other hand, a more basic 
spot (Nl) was visualized by Coomassie, both in control and in nodularin-exposed hepatocytes 
(Figure 2A,B). Nl was shown to be a non-phosphorylated form of SOD1 (Figures 2C,D and 3A 
insert). The acidic shifts of PI and P2 from the parental Nl spot, together with their radioactive 
phosphate labeling, supported that PI and P2 were phosphorylated forms of Nl. In our effort to 
identify the specific phosphorylation site(s) of SOD1, we did not succeed. One explanation could be 
that the phosphorylation site(s) might be located in the long tryptic peptide (4843.2 mlz) with low 
intensity extending from amino acid position 24 to 69 (Figure 3B). This tryptic peptide was absent in 
the PI and P2 spectra (Figure 3 A insert), indicating that it may have been post-translationally modified 
in the nodularin-exposed cells. 

Nodularin- induced phosphorylation of SOD1 was further supported by immunoprecipitating SOD1 
from total lysate of hepatocytes pre-labeled with radioactive phosphate. Again, the three forms (Nl, PI 
and P2) of SOD1 were recognized (Figure 4). The silver stained Nl spots in both control and 
nodularin-treated hepatocytes could be observed as white "spots" on the autoradiograms (Figure 4). PI 
and P2 showed increased phosphate labeling after two minutes of exposure to 5 uM nodularin. The 
increased phosphorylation was more pronounced than in the hepatocytes treated for a longer period 
with a lower dose (200 nM) as seen in Figure 2. 

32 

Figure 4. Immunoprecipitation of SOD1 from P-labeled apoptotic hepatocytes. 

32 

Hepatocytes were pre-labeled with Pi and exposed to 5 uM nodularin for 2 min. Total 
cell extract was immunoprecipitated with anti-SODl antibody and separated by 
two-dimensional gel electrophoresis (pi 4-7, 7 cm). See Experimental Section for further 
details. The figure shows autoradiographs from control (A) and nodularin-treated (B) cells. 
The non-phosphorylated silver-stained SOD1 (spot Nl) appeared as a white spot on the 
autoradiographs in both control- and nodularin-treated hepatocytes. Nodularin treatment 
led to increased abundance of the two phosphorylated SOD1 spots (PI and P2). The effect 
was more pronounced than observed with a lower concentration of nodularin (Figure 2). 
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Phosphorylation of SOD1 has previously only been shown in human erythrocytes [16], but the 
function of this phosphorylation is unknown. Apart from identifying phosphorylation of Ser2 [16], 
which is not found in rat, Wilcox et ah also suggested Thr58 or Ser59 to be phosphorylated. Thr58 is a 
highly conserved amino acid and also a possible phosphorylation site in nodularin-exposed rat 
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hepatocytes (Figure 3). Our autoradiographs showed that nodularin-exposed hepatocytes possessed 
two phosphorylated SOD1 spots (Figures 2 and 4), both showing an acidic shift compared to the 
non-phosphorylated form. The tryptic peptide of amino acid 24-69 was the only peptide that did not 
appear in these phosphorylated forms (PI and P2) when compared to the non-phosphorylated form 
(Nl) (Figure 3). This peptide contains a number of potential Ser and Thr phosphorylation sites. 

2.2. Ca 2+ /Calmodulin-Protein Kinase II Inhibitor KN93 Delays Nodularin-Induced ROS Development 
and Inhibits Post-Trans lational Modifications of SOD1 

SOD1 is known as a broad acting scavenger of oxidative stress [12] and the observed SOD1 
phosphorylation could therefore be related to increased ROS development. Microcystin has previously 
been shown to increase ROS in primary hepatocytes [17]. Nodularin exposure also resulted in a ROS 
development, both at 200 nM (data not shown) and 5 jjM exposure (Figure 5A). The ROS 
development was efficiently inhibited by the SOD mimic TEMPOL (Figure 5A). As we have 
previously shown that Ca 2+ /calmodulin protein kinase II (CaMKII) is required for phosphatase 
inhibitor-induced apoptosis [3], we also tested whether CaMKII activity had any effect on 
nodularin- induced ROS development. Interestingly, KN93, a CaMKII inhibitor, did inhibit ROS 
development (Figure 5). This is in agreement with a study of microcystin-induced apoptosis, in which 
CaMKII was proposed to act upstream of mitochondrial ROS production [4]. 

Figure 5. Nodularin-induced ROS development can be delayed by CaMKII 
inhibitor KN93. (A) Hepatocytes were incubated with 5,6-chloromethyl-2',7'- 
dichlorodihydro fluorescein (CM-H 2 DCFDA) with or without either KN93 (30 uM) or the 
SOD1 mimic TEMPOL (5 mM) prior to addition of nodularin (5 uM). Hepatocytes were 
fixed and evaluated immediately by fluorescence microscopy. Hepatocytes were scored 
ROS positive when fluorescence increased clearly above hepatocyte auto-fluorescence 
(B, C). Both KN93 and TEMPOL inhibited nodularin-induced development of ROS. Panel 
B shows control cells and panel C nodularin-exposed cells. Values are the mean +/- SEM 
of 3-5 separate experiments, ^-values; Student's £-test. Bars: 20 um. 




0 1.5 4 

Nodularin (min) 



Next, we examined whether nodularin exposure, resulting in increased ROS (Figure 5) and 
phosphorylation of SOD 1 (Figures 2 and 4), had any effect on the enzymatic SOD1 activity. As can be 
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seen in Figure 6, SOD1 activity appeared to be stable in the nodularin-exposed cells. Neither did 
SOD1 activity depend on CaMKII activity. 

Figure 6. SOD1 activity is retained in nodularin-exposed hepatocytes. Hepatocytes were 
pre-incubated with or without CaMKII inhibitor KN93 (30 uM) prior to addition of 
nodularin (200 nM) or left untreated. After 10 min of incubation cells were harvested, 
lysed, and equal amount of proteins were separated on a native gel and stained for SOD1 
activity. See Experimental Section for further details. 
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Figure 7. CaMKII inhbitor KN93 regulates post-translational modification of SOD1. 
Hepatocytes were pre-incubated without (A, B) or with 30 uM KN93 (C, D) prior to 
addition of nodularin (200 nM). After 10 min of exposure nodularin samples (B, C) and 
controls (A, D) were TCA-precipitated and proteins were separated by two-dimensional 
gel electrophoresis. Gels were blotted and the membranes were stained with Ponceau S 
(E-H) before they were probed with anti-SODl antibody. SOD1 spots were horizontally 
aligned based on the Ponceau S staining. Positions of Nl, PI and P2 (Figure 2) 
are indicated. 
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We have previously shown that the majority of microcystin-induced phosphorylation events depend 
on CaMKII activity [3]. Using two-dimensional gel electrophoresis, followed by Western blotting, we 
elucidated the role of CaMKII in post-translational modification of SOD1 (Figure 7). In non-treated 
hepatocytes a number of SOD1 spots were observed, both on the basic and the acid side of the major 
SOD1 spot (Nl) (Figure 7A). Nodularin exposure resulted in an acidic shift of the most basic SOD1 
spots (Figure 7B). A SOD1 spot at the position of PI (Figure 2) was observed, but a similar positioned 
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spot was also observed in the control cells. This indicates that at position PI there is a mixture of 
phosphorylated SOD1 and SOD1 with another modification giving a similar acidic shift. Similar acidic 
pi shifts will be observed in cases where cysteines are modified. Fujiwara et al. [18] showed that 
Cyslll of recombinant SOD 1 could be converted to cysteine sulfinic acid and to cysteine sulfonic 
acid, giving acidic pi shifts, when exposed to H2O2. It should be noted that this cysteine modification 
did not alter SOD1 activity [18], which is in accordance with our observations (Figure 6). Taken into 
account the nodularin- induced ROS development (Figure 5), the SOD1 modified spots we observe 
(Figure 7) can indeed be mixtures of phosphorylated and oxidized forms of SOD 1. To identify possible 
CaMKII-regulated oxidation or phosphorylation sites of SOD1, one would need to proceed in a 
transfectable cell model using site-directed mutagenesis. Unfortunately, the hepatocyte specific 
nodularin can then not be used as an apoptosis inducer. 

2.3. SOD1 Concentration Is High in the Sub-Membranous Area and in the Apoptotic Buds of 
Nodularin-Exposed Hepatocytes 

We next studied the sub-cellular localization of SOD 1 in nodularin-exposed hepatocytes to possibly 
find any indication of the functional role of SOD 1 post-translational modification. 

In control cells of hepatocytes in suspension cultures, the extent of SOD1 was highly increased in 
the area just below the cellular membrane (Figure 8A). Following nodularin treatment, the 
sub-membranous SOD1 seemed to be concentrated into the apoptotic buds, leaving "tails" of SOD 1 
staining in the cytoplasma (Figure 8B). 

Figure 8. SOD1 is highly concentrated below the cellular membrane in hepatocytes and 
also in the apoptotic cell membrane buds. In untreated control cells, high concentration of 
SOD1 was found in the sub-membranous area (A). After 2 min of nodularin treatment 
(5 uM) SOD1 localized to the apoptotic cellular membrane buds and stretched into the 
cytosol (B and insert of B). To visualize SOD1 cells were immunostained with anti-SODl 
antibody. Bars: 10 urn. 



Toxins 2012, 4 



1490 



To study this in more detail we cryosectioned hepatocytes in suspension and labeled them with 
protein A-gold particles after incubation with anti-SODl antibody. In control cells, the electron 
microscopic resolution of SOD1 localization in isolated hepatocytes resembled that previously 
observed in hepatocytes of unexposed rat livers (data not shown) [19]. Thus, the majority of SOD1 
was found in the cytoplasm, including in the microvilli, with minor amounts in the mitochondria and 
endoplasmatic reticulum (data not shown). In late-staged apoptosis following nodularin exposure, 
labeling density of SOD1 was slightly higher close to the cell surface area than around the cell nucleus 
(Figure 9A,B). The cisterna of the endoplasmatic reticulum (er) and the mitochondria (m) contained 
only minor amounts of SOD (Figure 9), similar as observed in the unexposed hepatocytes and liver 
(data not shown) [19]. 

Figure 9. Immuno-gold labeling of SOD 1 on cryosections of apoptotic hepatocytes. SOD1 
was visualized with protein A-gold labeling of SOD1 in hepatocytes treated with 200 nM 
nodularin for 20 min. SOD1 was found throughout the cytosol and, to a minor degree, in 
the euchromatin area of the nucleus (n) (A and B). Minor amounts of SOD1 were observed 
in mitochondria (m) (arrows) and in the cisternae of endoplasmatic reticulum (er). In the 
apoptotic buds (C) a high concentration of SOD1 was found in the matrix part of the buds 
and between the tightly packed layers of endoplasmatic reticulum (C-E). 




The immuno fluorescence-based observation of high SOD1 concentrations in the apoptotic buds was 
further supported by the protein A-gold-labeling. Thus, in apoptotic buds of the hepatocytes 
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(Figure 9C) high density of labeling was found in the cytoplasmic matrix part of the buds and minor 
amounts in the mitochondria (Figure 9D). SOD1 was also found between the layers of tightly packed 
endoplasmatic reticulum in the buds (Figure 9E). 

Mitochondrial SOD1 has been proposed to have a pro-apoptotic role by being released together 
with cytochrome C from mitochondria-dependent hepatocyte apoptosis [20]. When we investigated 
sub-cellular distribution of SOD1 in nodularin- induced apoptotic hepatocytes we still could observe 
SOD1 in mitochondria (Figure 9, arrows). We did not observe any ultrastructural damage or swelling 
of mitochondria, which accompanies mitochondrial-dependent apoptosis [20] (Figure 9). This suggests 
that mitochondrial SOD1 release does not have a major role in nodularin-induced apoptosis. On the 
other hand, the highly concentrated appearance of SOD1 in the sub-membranous area and in the 
apoptotic buds would make it possible for SOD1 to act in the dramatic reorganization of the 
cytoskeleton that occurs during the nodularin-induced apoptotic budding (Figure 1) [10,1 1]. 

2.4. SOD1 Co-localization with Actin Filaments Is Disrupted in Hepatocytes Exposed to Nodularin 

Nodularin-induced apoptosis involves reorganization of the cell cytoskeleton, including actin 
filaments (Figure 1D,E), in order to develop apoptotic morphology (Figure 1). Interestingly, 
expression of SOD1 has been shown to be essential for the preservation of the cytoskeleton [15], and 
disease-related SOD1 mutants interact directly with the actin cytoskeleton [14,21]. We therefore 
compared the localization of SOD1 and actin filaments in nodularin-exposed hepatocytes. In control 
cells SOD1 and actin showed an overlap in the sub-membranous area (Figure 10A-C). In the early 
stage of nodularin-induced apoptosis, before budding started to appear, this co-localization was 
partially lost (Figure 10D-F). 

Figure 10. SOD1 and actin co-localization is disrupted in nodularin-exposed hepatocytes. 
In unexposed control hepatocytes, a high degree of both SOD1 and actin fibers were found 
co-localized in the sub-membranous area (yellow) (A-C). After exposure with 200 nM 
nodularin for 10 min the actin cytoskeleton reorganized into aggregates while SOD1 was 
still found in the sub-membranous area (D-F). Cells were fixed and labeled with 
anti-SODl antibody (green), followed by incubation with rhodamin-conjugated phalloidin 
(red), and DAPI (blue) for nuclear staining. Bars, 20 urn. 
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We next tested whether the SODl-actin co-localization (Figure 10) could be shown to be a direct or 
indirect binding between the two proteins using co-immunoprecipitation. Both proteins are high 
abundant proteins which always increase the risk of unspecific binding [22] and immunoprecipitation 
of F-actin is usually not very efficient. It should be noted that previous studies have only been able to 
immunoprecipitate minor amounts of wild type SOD1 together with actin [14]. Only a minor amount 
of SOD1 was pulled down together with actin also in our untreated cells (Figure 1 1A,B). On the other 
hand, in the nodularin-treated cells we did not observe any SODl-actin co-interaction (Figure 11C,D). 
This indicated that the observed co-localization of SOD1 and F-actin (Figure 10) may involve 
co-interaction between the two proteins. 

Figure 11. Co-immunoprecipitation of SOD1 and actin. Hepatocytes were left untreated 
(A, B) or exposed to 200 nM nodularin for 20 min (C, D). Total cell lysates were 
immunoprecipitated with anti-actin antibody and eluted proteins were separated by 
SDS-PAGE followed by Western blotting usinganti-actin and anti-SODl antibodies. 
Lane 1: total lysate, 2: glycine eluate, 3: SDS-eluate, and 4: unbound. Immunoprecipitated 
SOD1 is indicated in boxes. 
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2.5. SOD1 May Operate in Cellular Micro-Domains to Control Cytoskeletal Reorganization 

Apart from being known as a scavenger of oxidative stress [12], SOD1 has more recently also been 
shown as a redox regulatory protein at discrete sub-cellular domains [13]. In these sub-cellular 
domains, ROS-sensitive kinases such as mitogen-activated protein kinase (MAPK) p38 and CaMKII 
are suggested to have key roles [23,24]. Since only a minor amount of the total SOD1 was shown to be 
phosphorylated (Figures 2 and 4) this suggests that SOD1 phosphorylation may have a discrete 
regulatory function and not necessarily be a way to protect the cells from the major 
mitochondrial-linked ROS burst that occurs in nodularin-exposed hepatocytes [17,25]. 

Reorganization of actin filaments seems to depend on locally produced ROS [26,27]. Racl, an 
activator of NADPH oxidase, is a mediator of this redox-dependent reorganization of the actin 
cytoskeleton [26]. Interestingly, SOD1 has been shown to interact with Racl in a redox-dependent 
manner [13]. This interaction keeps Racl in an active state, making it possible for Racl to participate 
in actin reorganization [26,28]. Phosphorylation and possibly also oxidation of SOD1 may regulate its 
ability to interact with other proteins. 

Phosphorylation of SOD1 (Figures 2 and 4) is accompanied with CaMKII-dependent 
phosphorylation of myosin light chain (MLC) (data not shown) in nodularin-exposed hepatocytes. 
Phosphorylated MLC has been shown to be a target for activated Racl [29] and has also proven to be 
necessary for actin-myosin-based apoptotic budding [30]. Nodularin-induced phosphorylation of MLC 
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and SOD1 may therefore be involved in regulating that apoptosis-related cytoskeletal reorganization 
and budding in nodularin-exposed hepatocytes. 

3. Experimental Section 

3.1. Materials 

Nodularin was purified from cyanobacteria (Nodularia) as described in [31], and was a generous 
gift from Herfindal, L. and Doskeland, S.O. University of Bergen. KN93 was purchased from 
Calbiochem [ PJorthophosphate (10 mCi/mL), IPG-buffer, linear immobilized pH 5.3-6.5 gradients, 
CHAPS and Coomassie Brilliant Blue R250 were from GE Healthcare. The matrix 
2,5-dihydroxybenzoic acid was purchased from Bruker Daltonics (Bremen). Sequencing grade 
modified trypsin was obtained from Promega. Rhodamin-conjugated phalloidin and all other 
biochemicals were purchased from Sigma-Aldrich. 

3.2. Cells 

Hepatocytes were isolated from male Wistar rats (120-200 g) by in vitro collagenase perfusion and 
kept in suspension cultures as earlier described [1]. In some experiments cryopreserved hepatocytes 
were used (Celsis in Vitro Technologies). Cells were incubated in capped vial in pre-gassed 
low-phosphate (O.lmM) Krebs-Ringer bicarbonate buffer (10 mM Hepes (pH 7.4), 120 mM NaCl, 
5.3 mM KC1, 0.01 mM KH 2 P0 4 , 1.2 mM MgS0 4 , 1.0 mM CaCl 2 ) with 5 mM lactate, 5 mM pyruvate, 
and 0.5% bovine serum albumin. 

3.3. Evaluation of Apoptosis and ROS Detection 

Apoptosis was evaluated in an invert phase microscope by observing the morphology of cells fixed 
in 2%-4% formaldehyde in PBS (pH 7.4). Apoptotic cells were easily discriminated from normal and 
necrotic cells by the appearance of cell surface buds. For photographs of hepatocytes, a small volume 
of fixed cell suspension was put on a glass slide and developed on a Zeiss Axiophot microscope 
equipped with differential interference contrast. 

For measurement of intracellular ROS, hepatocytes were incubated in the dark with 
50 (j,g/mL 5,6-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA, Molecular 
Probes) at 37 °C for 30 min prior to addition of nodularin. Cells were fixed and analyzed immediately 
using fluorescence microscopy. 

3.4. Labeling of Cellular Phosphoproteins and Sample Preparation 

Suspension cultures of rat hepatocytes (1.7 mill cells per mL) were pre-incubated with 32 Pi 
(1000 uCi/mL) for 35 min before addition of nodularin. After incubation with or without nodularin 
(10 min with 200 nM or 2 min with 5 uM) cells were spun down and the pellet was snap frozen in 
liquid nitrogen. 

In our initial experiments and attempt to identify phosphoproteins, frozen pellets from 3 mL 
suspension cultures were resuspended in 10 mM Na-Hepes pH 7.00, 50 mM MgCl, 15 mM KC1 with 
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protease inhibitor cocktail (cOmplete, Roche). An equal amount of 0.5 mM sucrose was added and 
nuclei were removed by centrifugation at 500g for 10 min. Supernatant was added EDTA (final 
concentration 10 mM) and centrifuged at 16,000g for 10 min. All the steps above were performed at 
4 °C. Supernatant (mainly consisting of cytosolic proteins) was precipitated with acetone over night at 
-20 °C. Samples were spun 20 min at 16,000g and pellets were resuspended in 100 uL 2-D sample 
buffer (9.8 M urea, 100 mM DTE (1,4-dithioerythritol), 1% v/v IPG-buffer 4-7, 4% w/v CHAPS and 
0.2% w/v SDS). 

Frozen pellets used for immuno-precipitation of SOD1 were resuspended in PJPA lysis buffer 
(50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodiumdeoxycholate, 1 mM EDTA) with 
protease inhibitor cocktail, 50 mM NaF, 5 mM Sodium Pyrophospate and 1 mM Na 3 VC>4. Possible 
unspecific binding was removed by incubating cell lysate for 1 h with sepharose protein A and 
similarly with sepharose G. Anti-SODl antibody (10 ug/sample) was added to the supernatant and 
incubated over night on a rotary wheel. All steps were performed at 4 °C. The next day, sepharose G 
beads were added to the suspension and left for two hours. Beads were washed twice in 1:10 PJPA 
buffer and proteins were eluated with 2-D sample buffer. 

3.5. Two-Dimensional Gel Electrophoresis 

Samples for mass spectrometry analysis were cup-loaded onto rehydrated 13 cm strips (pH 5.3-6.5) 
and run on an IPGphor (GE Healthcare). Isoelectric focusing (IEF) parameters were as follows: 
(i) 30 V for 12 h; (ii) 100-500 V in 3 h; (iii) 500 V for 3 h; (iv) 500-1000 V in 3 h; (v) 1000 V for 
3 h; (vi) 1000-8000 V in 3 h; (vii) 8000 V for 20 h, with a 50 uA per strip maximum at 20 °C. Strips 
were subjected to second dimensional separation using 12% SDS-PAGE. Separated proteins were 
visualized using Coomassie Blue, Sypro Ruby or silver staining. 

Samples for 2D-Western were precipitated with trichloroacetic acid (TCA) (final 10%), washed in 
5% TCA followed by acetone, and resuspended in 2D-sample buffer. 

Immunoprecipitates were analyzed by using the ZOOM® IPGRunnerTM Mini-Cell System 
(Invitrogen) using IPG-strips pH 4-7. Manufactures protocol was followed except that the IEF 
parameters were: (i) 200 V for 30 min; (ii) 450 V for 15 min; (iii) 750 V for 20 min; and, (iiii) 2000 V 
for 60 min. 

Gels were dried onto filter paper and exposed to autoradiography films at -80 °C with intensifying 
screens. For protein identification, the autoradiographs were printed on transparencies and these were 
used to cut out phosphorylated proteins from the Coomassie-stained gels. 

For immunoblotting, gels were transferred to PVDF membranes, blocked with 5% non-fat dry milk 
and probed with with anti-SODl antibody (Stressgen #SOD1-100) or anti-actin antibody (Sigma 
#2228) followed by a HRP-conjugated secondary antibody, the protein bands were detected by 
chemiluminescence (Supersignal, Pierce). 

3.6. Digestion of Proteins 

Spots cut out from dried gels were re-swelled in deionized water and filter paper backing was 
removed. Spots were cut into smaller pieces, washed twice for 15 min in 1 mL acetonitrile/water (1:1) 
and dehydrated by using 100% acetonitrile (HPLC-grade). In-gel digestion were then performed o/n at 
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37 °C with 20 uL 2.5 \xg/mL trypsin in 50 mM ammonium bicarbonate buffer, pH 8. The digestion 
was terminated by adding 3 uL 5% TFA and centrifuged at 16,000 x g for 15 min. The supernatant 
was collected, and peptides left in the gel pieces were extracted by adding 20 uL 60% acetonitrile in 
0.1% TFA and incubated at room temperature for 15 min. At the end of incubation, the gel pieces were 
centrifuged one more time for 15 min at 16,000 x g, and supernatants were collected and mixed with 
the previous ones. The collected supernatants from each sample were dried on a speedvac to a final 
volume of approx 5 uL. 

3.7. Up-Concentration, Desalting and Elution of Peptides 

Prior to analysis using MALDI TOF mass spectrometry, a nano-column made from Eppendorf 
GELoader tips (Eppendorf) containing oligo-R3 reversed phase material, was used to up-concentrate 
peptides and to remove salts and other contaminants. Peptides absorbed to the oligo-R3 resin, were 
eluted directly on the MALDI-target in small drops by 1 uL 10 mg/mL 2,5-dihydroxybenzoic acid in 
50% acetonitrile and 1% phosphoric acid and air-dried immediately prior to analysis. 

3.8. Mass Spectrometry 

Positive ion MALDI TOF mass spectra were acquired using an Ultraflex MALDI Tof/Tof (Bruker 
Daltonics) mass spectrometer, operated in reflectron mode. After time-delayed extraction, the ions 
were accelerated to 25 kV for MALDI-TOF mass spectrometric analysis. A total of 500 laser shots 
were acquired and signal averaged per mass spectrum. After calibration and peak detection, the peptide 
mapping data were compared to the Swiss-Prot database and later confirmed by database search 
using Mascot 2.2.1 and database comparison with human entries (18 1117 sequences) from UniProt 
database [32] Peptides considered as candidates for MS/MS-sequencing, was selected as precursor ion 
for additional analysis using positive ion MALDI TOF mass spectrometry with post-source decay 
(PSD). Precursor ions for PSD analysis were selected using an ion gate at a resolving power of -500. 

3.9. SOD1 Activity Assay 

Cells were harvested by centrifugation (lOOOg, 1 min, 4 °C) and washed twice with ice-cold PBS, 
pH 7.4. Cells were resuspended in 150 uL lysis buffer (50 mM potassium phosphate, pH 7.8 with 
protease inhibitor cocktail (Roche)) and lysed by physical shearing using a 23 G needle. After 
centrifugation (15,000g, 15 min, 4 °C) to remove cellular debris, equal amounts (38 jag) of proteins 
were loaded on a precast 4%— 16% Bis-Tris NativePAGE Novex gel (Invitrogen) and electrophoresis 
was performed according to manufacturer's manual. SOD activity assay staining was performed as 
described by Beauchamp and Fridovich [33]. The gel was incubated in SOD activity assay-solution 
(10 mg NBT, 7.5 mg riboflavin and 75 uL TEMED in 75 mL of 50 mM potassium phosphate buffer, 
pH 7.8) at RT for 30 min in the dark, before it was rinsed twice with water and then exposed to light 
until the SOD bands appeared as white band on a dark blue background. 
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3.10. Immunofluoresence and Actin Labeling 

Hepatocytes were fixed in 4% para-formaldehyde, permeabilized with 0.1% Triton X-100, and 
stained in blocking solution with anti-SODl antibody (#SOD-101 Stressgen) at 1:1000 followed by 
Cy3- or FITC-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). For 
visualization of actin the permeabilized cells were incubated with rhodamin-conjugated phalloidin. 
Cells were imaged with a Zeiss LSM 510 confocal microscope. 

3.11. Cryosectioning and Gold Labeling 

Suspensions cultures of hepatocytes were fixed in 4% paraformaldehyde, 0.2 M PIPES (pH 7.2) and 
0.1% glutaraldehyde. Pellets were washed in PBS (3x) and covered in 10% pig skin gelatin in PBS 
(pre-warmed at 37 °C) and incubated for 25 min at 37 °C. Samples were placed on ice for the gelatin 
to set and then pellets were cut into smaller blocks. Blocks were covered with PVP-2.3 M sucrose and 
kept at 4 °C overnight and thereafter placed on specimen stubs and frozen in liquid nitrogen. Samples 
were crysectioned and mounted on specimen grids. Grids were floated on drops of 0.1 M ammonium 
chloride in PBS for 10 min then washed in PBS and blocked in 0.5% fish skin gelatin in PBS for 
10 min. Grids were incubated with anti-SODl antibody (1:50) for 30 min, washed (3 X ) in PBS and 
incubated with protein A-gold (1:30) for 20 min. Sections were stained methyl cellulose/uranyl acetate 
and viewed in a Jeol JEM-1230 transmission electron microscope. 

3.12. Immunoprecipitation of Actin 

All steps were carried out at 4 °C. Cells were harvested by centrifugation, washed twice with PBS, 
and lysed in lysis buffer (150 mM NaCl; 50 mM Tris-HCl, pH 7.4; 1 mM EDTA; 1% Triton X-100; 
50 mM NaF; 5 mM Na 4 P 2 07; 1 mM Na 3 VC>4; protease inhibitor cocktail (Roche)) by incubation for 
15 min. Cell lysate was cleared and equal amounts of proteins from untreated and nodularin-exposed 
cells were incubated on a rotating wheel for 1 h with rabbit IgG to remove unspecific binding. 
50 |xL Protein A sepharose beads were washed twice with TBS pH 7.4 and added to the lysate/rabbit 
IgG mixture and incubated overnight. Next day, the mixture was centrifuged (lOOOg, 2 min). 50 uL 
new Protein A sepharose beads (washed twice with TBS pH 7.4) were added to the lysate and 
incubated 1 h to remove all IgG. The lysate was incubated 2 h with actin antibody (rabbit polyclonal, 
Sigma, #A5060) for 2 h. 50 uL Protein A sepharose beads were washed twice with TBS pH 7.4 and 
then added to the lysate/anti-actin antibody mixture and incubated over night. The next day, the 
mixture was centrifuged to separate the supernatant (unbound fraction) from the beads. The beads 
were washed 5x with TBS pH 7.4, then briefly washed with 0.1 M glycine pH 2.5, before incubation 
with glycine for 1 h at 4 °C to elute the bound proteins. Both glycine fractions were pooled. After 
washing the beads twice in TBS pH 7.4, the beads were boiled in 2* SDS loading buffer for 5 min, to 
release any remaining proteins. 

4. Conclusions 

We show that the Cu,Zn superoxide dismutase (SOD1) is rapidly phosphorylated and possibly also 
oxidized in hepatocytes exposed to the cyanobacterial protein phosphatase inhibiting toxin nodularin. 
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These post-translational modifications do not alter the enzymatic SOD1 activity. In unexposed 
hepatocytes SOD1 co-localizes with the cortical actin cytoskeleton. After exposure to nodularin this 
co-localization is disrupted and SOD1 is highly concentrated in the appearing apoptotic buds. Our 
results suggest that SOD1 and SOD1 phosphorylation may play a regulatory role in the dramatic actin 
reorganization induced by nodularin. 

Acknowledgements 

We are grateful to Nina Lied Larsen, Ann Kristin Froyset, and Anne Nyhaug for superior technical 
assistance. Microscopy service was provided by the National Imaging Platform at University of 
Bergen, which was supported by the Functional Genomics Program (FUGE) in the Research Council 
of Norway. Mass spectrometry instrumentation used at PROBE (National Proteomics Platform at 
University of Bergen) was funded by FUGE. The work was supported by grants from FUGE, Helse 
Vest, and the Meltzer Foundation. 

References 

1. Fladmark, K.E.; Brustugun, O.T.; Hovland, R.; Boe, R.; Gjertsen, B.T.; Zhivotovsky, B.; 
Doskeland, S.O. Ultrarapid caspase-3 dependent apoptosis induction by serine/threonine 
phosphatase inhibitors. Cell Death Differ. 1999, 6, 1099-1108. 

2. Solstad, T.; Fismen, L.; Garberg, H.; Fladmark, K.E. Identification of a novel phosphorylation site 
of acyl-CoA binding protein (ACBP) in nodularin-induced apoptotic hepatocytes. Exp. Cell Res. 
2008, 374,2141-2149. 

3. Fladmark, K.E.; Brustugun, O.T.; Mellgren, G.; Krakstad, C; Boe, R.; Vintermyr, O.K.; 
Schulman, H.; Doskeland, S.O. Ca /calmodulin-dependent protein kinase II is required for 
microcystin-induced apoptosis. J. Biol. Chem. 2002, 277, 2804-2811. 

4. Krakstad, C; Herfindal, L.; Gjertsen, B.T.; Boe, R.; Vintermyr, O.K.; Fladmark, K.E.; 
Doskeland, S.O. CaM-kinasell-dependent commitment to microcystin-induced apoptosis is 
coupled to cell budding, but not to shrinkage or chromatin hypercondensation. Cell Death Differ. 
2006, 13, 1191-1202. 

5. Larsen, A.K.; Moller, M.T.; Blankson, H.; Samari, H.R.; Holden, L.; Seglen, P.O. 
Naringin-sensitive phosphorylation of plectin, a cytoskeletal cross-linking protein, in isolated rat 
hepatocytes. J. Biol. Chem. 2002, 277, 34826-34835. 

6. Falconer, I.R.; Yeung, D.S. Cytoskeletal changes in hepatocytes induced by Microcystis toxins 
and their relation to hyperphosphorylation of cell proteins. Chem. Biol. Interact. 1992, 81, 
181-196. 

7. Meng, G.; Sun, Y.; Fu, W.; Guo, Z.; Xu, L. Microcystin-LR induces cytoskeleton system 
reorganization through hyperphosphorylation of tau and HSP27 via PP2A inhibition and 
subsequent activation of the p38 MAPK signaling pathway in neuroendocrine (PC 12) cells. 
Toxicology 2011, 290, 218-229. 

8. Sun, Y.; Meng, G.M.; Guo, Z.L.; Xu, L.H. Regulation of heat shock protein 27 phosphorylation 
during microcystin-LR-induced cytoskeletal reorganization in a human liver cell line. Toxicol. 
Lett. 2011, 207, 270-277. 



Toxins 2012, 4 



1498 



9. Hooser, S.B.; Beasley, V.R.; Basgall, E.J.; Carmichael, W.W.; Haschek, W.M. 
Microcystin-LR-inducedultrastructural changes in rats. Vet. Pathol. 1990, 27, 9-15. 

10. Toivola, D.M.; Goldman, R.D.; Garrod, D.R.; Eriksson, J.E. Protein phosphatases maintain the 
organization and structural interactions of hepatic keratin intermediate filaments. J. Cell Sci. 
1997, 110, 23-33. 

11. Eriksson, J.E.; Paatero, G.I.; Meriluoto, J.A.; Codd, G.A.; Kass, G.E.; Nicotera, P.; Orrenius, S. 
Rapid microfilament reorganization induced in isolated rat hepatocytes by microcystin-LR, a 
cyclic peptide toxin. Exp. Cell Res. 1989, 185, 86-100. 

12. McCord, J.M.; Fridovich, I. Superoxide dismutase. An enzymic function for erythrocuprein 
(hemocuprein). J. Biol. Chem. 1969, 244, 6049-6055. 

13. Harraz, M.M.; Marden, J.J.; Zhou, W.; Zhang, Y.; Williams, A.; Sharov, V.S.; Nelson, K.; 
Luo, M.; Paulson, H.; Schoneich, C; Engelhardt, J.F. SOD1 mutations disrupt redox-sensitive 
Rac regulation of NADPH oxidase in a familial ALS model. J. Clin. Invest. 2008, 118, 659-670. 

14. Takamiya, R.; Takahashi, M.; Park, Y.S.; Tawara, Y.; Fujiwara, N.; Miyamoto, Y.; Gu, J.; 
Suzuki, K.; Taniguchi, N. Overexpression of mutated Cu,Zn-SOD in neuroblastoma cells results 
in cytoskeletal change. Am. J. Physiol. Cell Physiol. 2005, 288, C253-C259. 

15. Vigilanza, P.; Aquilano, K.; Rotilio, G.; Ciriolo, M.R. Transient cytoskeletal alterations after 
SOD1 depletion in neuroblastoma cells. Cell Mol. Life Sci. 2008, 65, 991-1004. 

16. Wilcox, K.C.; Zhou, L.; Jordon, J.K.; Huang, Y.; Yu, Y.; Redler, R.L.; Chen, X.; Caplow, M.; 
Dokholyan, N.V. Modifications of superoxide dismutase (SOD1) in human erythrocytes: A 
possible role in amyotrophic lateral sclerosis. J. Biol. Chem. 2009, 284, 13940-13947. 

17. Ding, W.X.; Shen, H.M.; Ong, C.N. Critical role of reactive oxygen species and mitochondrial 
permeability transition in microcystin-induced rapid apoptosis in rat hepatocytes. Hepatology 
2000, 32, 547-555. 

18. Fujiwara, N.; Nakano, M.; Kato, S.; Yoshihara, D.; Ookawara, T.; Eguchi, H.; Taniguchi, N.; 
Suzuki, K. Oxidative modification to cysteine sulfonic acid of Cyslll in human copper-zinc 
superoxide dismutase. J. Biol. Chem. 2007, 282, 35933-35944. 

19. Chang, L.Y.; Slot, J.W.; Geuze, H.J.; Crapo, J.D. Molecular immunocytochemistry of the CuZn 
superoxide dismutase in rat hepatocytes. J. Cell Biol. 1988, 107, 2169-2179. 

20. Li, Q.; Sato, E.F.; Zhu, X.; Inoue, M. A simultaneous release of SOD1 with cytochrome c 
regulates mitochondria-dependent apoptosis. Mol. Cell Biochem. 2009, 322, 151-159. 

21. Zhang, F.; Strom, A.L.; Fukada, K.; Lee, S.; Hayward, L.J.; Zhu, H. Interaction between familial 
amyotrophic lateral sclerosis (ALS)-linked SOD1 mutants and the dynein complex. J. Biol. Chem. 
2007, 282, 16691-16699. 

22. Solstad, T.; Bull, V.H.; Breivik, L.; Fladmark, K.E. Identification of protein interaction partners 
by immunoprecipitation: Possible pitfalls and false positives. Exp. Clin. Hep. 2008, 4, 21-27. 

23. Al Ghouleh, I.; Khoo, N.K.; Knaus, U.G.; Griendling, K.K.; Touyz, R.M.; Thannickal, V.J.; 
Barchowsky, A.; Nauseef, W.M.; Kelley, E.E.; Bauer, P.M.; et al. Oxidases and peroxidases in 
cardiovascular and lung disease: New concepts in reactive oxygen species signaling. Free Radic. 
Biol. Med. 2012, 51, 1271-1288. 



Toxins 2012, 4 



1499 



24. Pandey, D.; Gratton, J.P.; Rafikov, R.; Black, S.M.; Fulton, D.J. Calcium/calmodulin-dependent 
kinase II mediates the phosphorylation and activation of NADPH oxidase 5. Mol. Pharmacol. 
2011,50, 407-415. 

25. Ding, W.X.; Shen, H.M.; Ong, C.N. Critical role of reactive oxygen species formation in 
microcystin- induced cytoskeleton disruption in primary cultured hepatocytes. J. Toxicol. Environ. 
Health A 2001, 64, 507-519. 

26. Moldovan, L.; Irani, K.; Moldovan, N.I.; Finkel, T.; Goldschmidt-Clermont, P.J. The actin 
cytoskeleton reorganization induced by Racl requires the production of superoxide. Antioxid. 
Redox Signal. 1999, 1, 29-43. 

27. Giridharan, S.S.; Rohn, J.L.; Naslavsky, N.; Caplan, S. Differential regulation of actin 
microfilaments by human MICAL proteins. J. Cell Sci. 2012, 125, 614-624. 

28. Ohgushi, M.; Matsumura, M.; Eiraku, M.; Murakami, K.; Aramaki, T.; Nishiyama, A.; 
Muguruma, K.; Nakano, T.; Suga, H.; Ueno, M.; et al. Molecular pathway and cell state 
responsible for dissociation-induced apoptosis in human pluripotent stem cells. Cell Stem Cell 
2010, 7, 225-239. 

29. Cascone, I.; Giraudo, E.; Caccavari, F.; Napione, L.; Bertotti, E.; Collard, J.G.; Serini, G.; 
Bussolino, F. Temporal and spatial modulation of Rho GTPases during in vitro formation of 
capillary vascular network. Adherens junctions and myosin light chain as targets of Racl and 
RhoA. J. Biol. Chem. 2003, 278, 50702-50713. 

30. Sebbagh, M.; Renvoize, C; Hamelin, J.; Riche, N.; Bertoglio, J.; Breard, J. Caspase-3 -mediated 
cleavage of ROCK I induces MLC phosphorylation and apoptotic membrane blebbing. Nat. Cell 
Biol. 2001, 3, 346-352. 

31. Runnegar, M.T.; Falconer, I.R.; Buckley, T.; Jackson, A.R. Lethal potency and tissue distribution 
of 1251-labelled toxic peptides from the blue-green alga Microcystis aeruginosa. Toxicon 1986, 
24, 506-509. 

32. Swiss Institute of Bioinformatics. Available online: http://expasy.org/sprot/ (accessed on 15 
March 2012). 

33. Beauchamp, C; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to 
acrylamide gels. Anal. Biochem. 1971, 44, 276-287. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



